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Abstract 
 This paper deals with the gaseous cascade amplification in He-H2O mixture in an ESEM. It is shown that such a mixture has the same 
behavior and gas amplification gain slightly modified with the increase of the (pd) parameter as compared to pure Helium. The use of the mixture 
gives rise to higher gain with respect to water vapor and more efficiency in the electrical neutralization of the specimen surface compared to He. 
All in all, the mixture exhibits high Townsend ionization coefficient, high gain and low operating voltage, which allows an expected increase of 
the signal to noise ratio. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
Environmental Scanning electron microscopy (ESEM) is an ideal technique for examining insulator surfaces at 
high resolution. Gas ionization in the sample chamber eliminates the charging artifacts typically seen with 
nonconductive samples, and serves also for detection [1]. When insulating specimens are investigated in ESEM, the 
charging effect needs to be compensated via the presence of a partially ionized gas into the specimen chamber that is 
equipped with a gaseous secondary electron detector (GSED). The GSED utilizes the gas as an amplification 
medium generating a cascaded electron signal and positive ions. Several authors have studied the amplification 
behavior of various pure gaseous mediums in GSED [1-3], but to our knowledge, no mixtures have been considered. 
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The main limitation concerning the use of ESEMs is the scattering of the electrons of the primary beam 
with the atoms or the molecules of the gas inside the specimen chamber. Indeed, such interactions scatter a fraction 
of the beam electrons into a broad low intensity skirt around the focused probe [4]. In order to improve the signal to 
noise ratio for the electron detection, the use of helium gas-based mixture was suggested [5]. 
For a constant electric field, the gas amplification of both He and H2O follow the von Engel amplification 
equations very well. This work aims to be a contribution to the study of the gas amplification in ESEM by 
considering of a new medium in the specimen chamber which consists of a helium-based gas mixture. Indeed, in 
order to increase the positive ions production, we suggest to add a small amount (10%) of water vapor to pure 
helium, which might facilitate the ionization process owing to the increase of the inelastic scattering cross section. 
This will in turn improve the charging stabilization without significantly affecting the skirting effect. In this respect, 
the [90%He-10% H2O] mixture turned out to have nearly the same behavior as pure helium since the fraction of 
scattered electrons from the primary beam remains small as for He [5]. Here, the gas amplification results for helium 
and water vapour are compared with those of the mixture. 
 
2. Theoretical background 
 
2.1. Gas amplification in the ESEM 
 
The GSED principle is best described by Danilatos [6] considering two parallel plates gas capacitor (Townsend gas 
capacitor) at a distance d (specimen-anode) with a potential difference V generating a uniform electric field E (Fig. 
1). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Schematic diagram of the anode-specimen configuration under study. Also shown are the ionizing collisions inside the gas-filled specimen 
chamber. A: ionizing events caused by secondary electrons (SEs) emitted from the specimen; B: gas cascade multiplication; C: ionization caused 
by backscattered electrons (BSEs); D: ionization caused by primary electrons (PEs). [1] 
 
2.2. Pure gas 
 
 Under most of the operational parameter space of an ESEM equipped with an GSED detector, the mean gas 
amplification factor (gas gain) SEM  of an secondary electron (SE) signal cascaded over the gap distance for a pure 
gas can be described by [3] 
).exp( dM SE            (1) 
 
where d is the distance between the electrodes, and α the first Townsend coefficient, obtained by Townsend [7]. 
For a given anode bias V that is smaller than the breakdown voltage,  is the Townsend ionization coefficient under 
swarm conditions. It can be determined by: 
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A and B being two positive constants determined experimentally. The pressure at which maximum gain occurs is 
given by : 
Bd
VP
.max

           (3) 
Substituting Eq. 3 into Eqs. 1 and 2 shows that the maximum gain is an exponential function of the anode bias only 
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2.3. He-H2O mixture 
 
 In the case of a mixture, we propose here a simple additive model in which the ionization densities 
produced in the mixed gas is the sum of the densities in each gas as has been performed elsewhere in the case of gas 
detectors [8]. Therefore, starting from Eq. (2) for the pure gases, we can easily write for a mixture. 
)exp()exp( **
22 V
d
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Where  OHOHHeHe PBPBB 22
*
         (6) 
 
and eHP  HeA , HeB and OHA 2 , OHB 2 a constants of helium gas and water vapor and  HeP ; OHP 2 are the relative 
partial pressures of helium gas and water vapor respectively. The parameters used in our calculations are gathered in 
table 1. 
                         Table 1. Gas fitting parameters for water vapor and Helium [6] 
Gas fitting parameters Value for water vapour Value for helium 
A (Torr−1 cm−1) 10 3 
B (V.Torr−1 cm−1) 216 34 
 
 
3. Results and discussion 
 
3.1. Townsend ionization coefficient 
 
 For comparison, figure 2 shows the ionization coefficients for helium gas and water vapor gas versus the 
reduced variable pd or product (pressure)x(distance). This concept used by Danilatos [9] to describes both 
amplification conditions and the fraction of the primary beam lost to the skirt is most useful for dynamic 
applications where the gas pressure is deliberately varied for thermodynamic purposes. For all biases, all the curves 
exhibit a similar form, with a maximum value occurring at a greater value of pd when the voltage is increased. The 
only difference is a broader range of pd product values for helium gas (fig. 2a) than for H2O (fig. 2b). For instance, 
when a voltage of 400 Volts is applied, the ionization efficiency is maximum in helium gas for pd= 11 Torr.cm (fig. 
2a),whereas pd is only 2 Torr.cm when the ionization is maximum in water vapour (fig. 2b). In the case of the 
mixture (fig. 2c), the maximum efficiency occurs for pd = 6.4 Torr.cm. This mixture appear to have a higher 
ionization efficiency and lower operating voltage than water vapor. 
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Fig.2: Ionization coefficient versus the Pd for different anod bias (a) for He, (b) for  H2O, (c) for [90%He-10% H2O] mixture 
 
3.2. Gas gain MSE, and maximum gain MSEmax 
 
 Figure 3 shows the gain versus pd. The results show that, when a small amount of water vapour 10% is 
added the same behaviour for the mixture as for He is obtained for gas gain. This behaviour is drastically different 
from the one of H2O gas which evolves in a much more narrower range of pd parameter (Fig. 3a). In figure 3b, the 
maximum gain profile follows directly and simply from its dependence on anode bias, (Eq. 4). 
Again, the mixture, as compared to pure water vapour, has higher gas gain for a given voltage and, lower operating 
voltage for a fixed gain (Fig. 3b). So when using the mixture, one can achieve a high gain at a relatively low voltage. 
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Fig. 3. (a) Gas gain curves versus p.d for  (90%He-10%H2O) mixture, He and H2O gas ,V=400 V, (b) Maximum gain versus V for the mixture, 
He and H2O gas 
 
 
 
4. Conclusion 
 
For this typical range of imaging conditions, the gain increases as a function of pd for fixed anode bias. It is 
important to choose a gas with low elastic scattering cross section as helium, in order to avoid large electron 
scattering, but for the imaging aspect, the efficiency of the surface neutralization is not favoured by only the use of 
helium gas. Indeed, the presence of an ionizing gas will favour the ionizing process which is very important in 
electron detection. The helium-water vapor mixture, as compared to pure gas, has higher Townsend ionization 
coefficient and higher gas gain for a fixed pd parameter and fixed anode bias, and allows the achievement of a high 
gain at lower operating voltage so that an increase of the signal to noise ratio is expected. 
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